We report a self-starting passively mode-locked soliton source generating 1-ps-wide pulses. The laser is configured as a ring with an erbium-doped fiber gain medium, a length of conventional fiber that provides the required dispersion and Kerr nonlinearity, and an intracavity multiple-quantum-well optical amplifier that serves as a saturable absorber and pulse stabilizer. The laser exhibits low timing jitter and low amplitude noise.
Various kinds of self-starting passively mode-locked lasers, that are based on active-fiber gain media and that generate subpicosecond to picosecond pulses, have been demonstrated. Operation of these lasers requires the laser cavity to include some form of a nonlinear mechanism to obtain pulse operation. The most common nonlinear mechanisms are nonlinear amplifying loop mirrors 1 ' 2 or polarization rotation schemes. 3 The use of semiconductor nonlinearities was demonstrated with a multiple-quantum-well stack that acts as a fast saturable absorber' and a diode laser that acts as part of a nonlinear loop. ' In this Letter we report on a new compound ring laser that operates as a self-starting soliton generator. The compound laser, shown schematically in Fig. 1 , consists of three main components. An erbium-doped fiber (EDF), pumped at 0.98 ,m, that provides the gain, a multiple-quantum-well optical amplifier 6 that serves, at low bias, as a saturable absorber and pulse stabilizer, and a length of conventional fiber that provides the required dispersion and Kerr nonlinearity, which together with the EDF gain bandwidth determines the properties of the soliton. The laser output port is a 50% fiber coupler so that the emitted pulse is an identical soliton (in conventional fiber) to the one circulating in the cavity. In the laser that we present, the soliton has a width of -1 ps and a peak power of -30 W.
In most reported pulse-generating fiber lasers there exist various pulse instabilities that manifest themselves in terms of amplitude noise, timing jitter, and an unstable repetition rate. 2 ' 7 The laser reported here operates with exactly one pulse per round trip and with low timing jitter (-50 ps for a 10-MHz repetition rate) and low amplitude noise of -4%.
The EDF used in this laser is a Lycom model R47001 with an erbium concentration of 5 X 1018 cm-3 codoped with Al and La and a length in the range of 5-13 m. The passive fiber has a dispersion of -20 ps/(nm km), and its length was varied during the experiment. Two optical isolators establish the direction of pulse circulation in the cavity, eliminate the effects of residual reflections, and suppress the backward-directed spontaneous emission from the EDF. A polarization controller is placed in the cavity to compensate for polarization rotations relative to the diode-preferred polarization (parallel to the junction plane). The 50% fiber output coupler ensures that the output pulse and the pulse circulating in the cavity are identical. This allows for easy characterization of the circulating pulse by analysis of the pulse emitted from the laser.
The laser operation relies on several complementary mechanisms. At bias levels below transparency (0-6 mA) the diode amplifier operates as an intracavity saturable absorber. Its fast recovery time (-1 ns) compared with the slow active-fiber gain dynamics (with a typical time constant of -10 ms) initiates pulse operation in a way similar to that in external-cavity multisection quantum-well lasers. 8 The diode chirp (generated during pulse absorption) is balanced against the passive-fiber dispersion, which leads to pulse narrowing and a corresponding increase in pulse peak power. As the pulse peak power increases, it generates self-phase modulation in the passive fiber. This in turn shortens the pulse during each round trip, while the diode chirp becomes less significant in determining the pulse bandwidth. The laser reaches steady state by stabilizing so that the pulse circulates in the ring as a first-order soliton. This is the optimum operational condition dictated by stability considerations. The width of this soliton is determined by the system bandwidth, which is limited in this case by the effective saturated EDF gain spectrum near 1.53 Am to -3 nm. This spectral width corresponds to a soliton of -1 ps duration and peak power near 30 W in conventional fiber with a dispersion of -20 ps/(nm km). Because the pulse is stabilized as a first-order soliton, the excess energy in the cavity appears as a cw background. The resultant on-off ratio of the pulse train is of the order of 10,000:1.
The laser operates in a self-starting passively mode-locked regime when the pump power is turned on and the diode bias is kept below the transparency level. The turn-on pump level is -80 mW, but owing to hysteresis behavior, the pump power can be reduced to -30 mW after pulse operation has been initiated without affecting the pulse characteristics. A measured output pulse train is described in Fig. 2 . The upper trace shows detector-limited pulses at 10-MHz repetition rate. The lower trace shows the detected electrical signal from the diode contact, indicating the absorption property of the diode. The laser exhibits stable pulse operation with only one pulse per round trip circulating in the cavity. Figure 3 (a) shows a measured autocorrelation trace with a width of 1.4 ps. The autocorrelation trace fits well to a sech 2 pulse shape so that the actual pulse width is 900 fs. Figure 3(b) shows the average optical spectrum with a width of 3.2 nm that yields a time-bandwidth product of 0.36.
Further characterization of the generated pulses and verification of their soliton nature was achieved in two separate experiments. In the first a 1.1-ps pulse was injected into both a 15-m and a 7.5-kmlong conventional fiber. Although the pulse width did not change when propagating through the short fiber, it broadened to 2.1 ps after propagating in the 7.5-km-long fiber. This broadening is exactly proportional to the inverse square root of the peak power reduction owing to fiber loss as dictated by the soliton propagation theory. 9 In the second experiment the passive fiber length was varied first in the range of 4-65 m for three lengths of active fiber: 5, 8, and 13 m. Figure 4 shows the resultant pulse-width dependence on cavity round-trip time. Despite the large changes in repetition rate, total intracavity dispersion, and saturated gain, the output pulse width varies in the small range 1.0-1.5 ps. The slight pulse-width dependence on fiber length and the existence of an optimum length for obtaining the shortest pulse result from changes in dispersion along the cavity, consistent with Ref. 10 . Finally, the intracavity passive-fiber length was increased to 2.2 km. For this extreme case (not shown in Fig. 4 ) the generated pulse width was also 1.5 ps, which verifies that the laser indeed stabilizes in all cases as a first-order soliton. The 2.2-km cavity length corresponds to -40 soliton periods, 9 which is much longer than any previously reported passively mode-locked soliton laser. For all fiber lengths tested, including the 2.2-km-long fiber, the pulse repetition rate corresponded to the inverse cavity round-trip time. The repetition-rate stability is due to the stabilizing role played by the diode amplifier. 5 Laser stability and pulse-train noise characteristics were measured with a spectral analysis technique." In this method the spectrum of the detected pulse train (detected with an 8-GHz-wide detector) was analyzed. The spectrum consists of a comb of frequencies at harmonics of the laser-cavity fundamental resonance frequency each with a broad noise pedestal. This noise power is attributed to the sum of the amplitude noise density, which is independent of the harmonic number and the phase noise density that increases quadratically with harmonic number." 1 Phase noise dominates at low frequencies (<10 kHz) around the carrier and in our case was integrated over the range 100-5000 Hz. Figure 5 (a) shows measured spectral densities of the first and tenth harmonics relative to the carrier. Figure 5(b) shows the integrated rms phase noise versus harmonic number in the range 100 Hz to 5 kHz. It fits well to a straight line whose slope represents timing jitter of o-j (100-5000 Hz) 50 ps. Amplitude noise was integrated over the band of 1 kHz to 1 MHz, and the rms amplitude fluctuation was found to be oCA (1 kHz to 1 MHz) -4%. The measured jitter is large compared with the jitter of actively mode-locked lasers, but it (and the amplitude noise) is significantly lower than that observed in passively mode-locked fiber lasers or other short-pulse generators in the 1500-nm-wavelength range, as, for example, additivepulse mode-locked color-center lasers.
